ABSTRACT. This paper describes the pollution status of North Sea sediments, and is based on results of sediment testing conducted during the Bremerhaven Workshop designed to test various methods (chemical and biological) for assessing the status of North Sea waters, sediments and biota. Testing comprised 2 transects, one down current from an abandoned drilling site, and the other across the German Bight from the mouth of the Elbe northwest. Sediment methods focused on tox~clty testing, chemical analyses, and measures of in sltu benthic community structure Together these 3 methods comprise the Sediment Quality Triad. Using the Triad In a burden-of-evidence approach, ~t was determined that sediments nearest the Elbe are moderately polluted (pollution is defined as contamination. toxicity and benthic community alteration), and that sediments offshore and at Dogger Bank are unpolluted. Sediments nearest the drilllng site show evidence of relatively low level toxicity and benthic community alteration. Limited chemical measurements did not indicate contamination. Observed laboratory toxicity and alterations in benthic infauna community structure may be due to unmeasured toxic chemicals. Anticipated effects due to drilling were not observed and appear to have been amellorated by natural deposition of clean sediment. North Sea sediments away from point sources of pollution (e.g. coastal areas, drilling platforms) are expected to be unpolluted. Lesions in bottom fish in such offshore areas (e.g, the Dogger Bank) cannot be attributed to sediment pollution in these areas, but if they are truly indicative of anthropogenic pollution, could be due to other factorjs) such as exposure of plankton~c larvae to sea surface microlayer chemical contamination and toxicity. Integrative assessments such as the Triad are essential for adequately assessing the status of European marine ecosystems. Although relatively expensive, such complete studies determine and prioritise problem areas such that managers, regulators and the public have access to the best possible information for decisionmaking and resource allocation.
INTRODUCTION
In March 1990, as part of the Bremerhaven Workshop, a variety of sediment assessment methods were applied to 2 transects along gradients of expected chemical contamination in the North Sea (see Stebbing & Dethlefsen 1992) . One transect comprised 7 stations at increasing distances down-current from an abandoned oil-drilling site off the Dutch coast. The other transect comprised 9 stations at increasing distances from the mouth of the Elbe River, Germany, out to the Dogger Bank. The overall aim of the workshop was to compare available biological effects monitoring techniques for marine pollution. A secondary aim was to determine the most suitable techniques for such monitoring in Europe.
The variety of sediment assessment methods used allowed for an integrative assessment (Chapman et al. 1992a ) of the pollution status of the tested sediments, and an extrapolation to include North Sea sediments in general. In particular, the Sediment Quality Triad approach and concept was applied to sediment toxicity, chemical contamination and benthic infaunal community structure data. The Triad is an effects-based approach to describing sediment quality (Long & Chapman 1985 , Chaprnan 1986a , Chapman et al. 1987a , b, 1991a . b, Long 1989a , Cross et al. 1991 , Alden 1992 , which is described in detail by Chapman (1990 Chapman ( , 1992 . This paper uses data and the results of other workshop studies to determine the pollution status of the tested sediments. Pollution is defined as chemical con- tamination associated with toxicity and i n situ alteration of resident communities. Extrapolations are made to the other major aspects of the workshop: water quality (water column a n d microlayer chemistry and toxicity), and dab Limanda limanda pathology. Recommendations are made on the usefulness and need for integrative assessments to determine the health of European marine ecosystems.
HPAH: indeno(l,2,3-cd)pyrene; dibenzo(a,h)anthracene; benzo(g,h,i)perylene). However, the PAH were reasonably well characterised as a sufficient number of potentially CO-varylng PAH were analysed. More significant omissions include ammonia (Ankley et al. 1990 ), chlorobenzenes, pesticides, methylated and chlorinated phenols, and alcohols (Chapman et al. 1982) . Sediment chemistry data for contaminants measured along both transects were converted to Ratio-toReference values (RTR: Chapman et al. 1987b , Chapman 1990 to provide clarity in comparisons and data presentation (Tables 1 & 2) . PCBs were only measured along the German Bight transect; trends there followed those of the other measured contaminants (Cofino et al. 1992 ). Individually measured parameters [chemical contaminant concentrations (Cofino et al. 1992) , percent sand and loss on ignition [Chapman et al. 1992bl) were divlded by reference station values for
SEDIMENT CHEMISTRY
Sediment chemical contamination was determined for 3 basic groups of chemicals: metals, polyaromatic hydrocarbons (PAH) and PCBs (Cofino et al. 1992 ). Analyses did not include all low and high molecular weight PAH of posslble toxicological concern (e.g. LPAH acenaphthylene, acenaphthene, fluorene; (Chapman et al. 1992b ) and did not contain altered benthic infaunal communities which could have been due to chemical contamination . Summarised chemical contaminant data (Tables 1 &  2) and sediment physical characteristics are compared in Fig. 1 , as RTR values. Means were determined assuming that values less than detection limits were equal to those detection limits. The drilling site transect had highly uniform sediments, and generally similar concentrations of contaminants: metals and LPAH concentrations only varied within a factor of 2; HPAH concentrations varied within a factor of 3.5. Total HC concentrations were more variable, up to a factor of 23.3. This variability in HC was attributable to GC analyses which were much more variable than UVF analyses, and showed no clear trend; very high concentrations were noted at 0 m (Stn A) and 500 m (Stn D) with much lower concentrations at all other stations. Oil concentrations in sediments in the centre of the drilling site were a n order of magnitude lower than was measured in 1988, 1 yr after cessation of drilling .
The German Bight transect, in contrast, had marked differences in sediment characteristics and contaminant concentrations (Fig. 1) . Highest concentrations of contaminants and finest sediments were found at Stn 1; contaminant concentrations decreased seaward as did the sediment fines and organic carbon content. Contaminant concentrations were on the order of 50 X greater at Stn 1 than at Stn 9. Increasing distance from Elbe River ing purposes and divergence is as common as consensus among different approaches (Long 1989131 , the extent to which chemical concentrations exceed sediment quality values coupled with A measured effects does not necessarily indicate cause and effect. Although future research a t the inner German Bight stations could usefully focus on chemicals such as mercury, lead and dimethylnaphthalene which exceed more than one sediment quality value, not all chemicals which could have contributed to the observed toxicity were analysed.
SEDIMENT TOXICITY
Sediment toxicity results have been summarised by Chapman et al. (1992b) . Trends in toxicity B are further summarised in Tables 4 & 5. Complete agreement between different toxicity tests only occurs when sediments are either highly toxic, or non-toxic (Chapman 1986b (Chapman , 1988 . The drilling site and German Bight sediments both had intermediate to low toxicity, hence the observed differences between test results In order to put the measured contaminant concentrations into perspective, highest concentrations of individual chemicals are compared to available sediment quality values in Table 3 . This comparison indicates that none of the sediments would be expected to b e highly toxic (as determined by toxicity testing). Even the highest measured chemical concentrations rarely exceeded the sediment quality values, and then only at lower effects levels. Further, the extent to which concentrations exceeded sediment quality values only ranged from 1.1 to 1.8 X ; except for mercury where concentrations were 2.9 X higher. Because sediment quality values are useful primarily for screenare expected.
Overall, there was a general trend of higher toxicity closest to sources on both transects (Stns A & 1 ) . This trend is best seen in primary toxicity test end-points (Table 4) , which are routinely accorded more weight than secondary end-points (Chapman 1988) . Thain (1992) demonstrated a similar trend along the German Bight transect based on oyster larvae 24 h sediment elutriate toxicity tests. These tests were conducted on shipboard during a cruise 1 wk earlier than all other sediment tests (Butler et al. 1992) . Some of the toxicity tests, which did not follow the contamination-toxicity trend, experienced difficulties in meeting quality assurance/quality control (QA/QC) requirements (Chapman et al. 1992b) . All tests showing the contamination-toxicity trend met the QMQC requirements. 
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INFAUNAL BENTHIC COMMUNITY STRUCTURE
Descriptions and interpretative analyses of the benthic macrofaunal communities along the German Bight and drilling site transects are provided by and , respectively. In the German Bight, differences in sediment type (e.g. Fig. 1B) ' ...hide possible changes along the gradient due to pollution or eutrophication' . However, stations closest to the Elbe River had the lowest number of individuals and species (least at Stn l ) , and increasing numbers of species, individuals and diversity were found offshore. Although Stn 9 benthic infaunal community structure was different from all other stations, this difference was attributed to location and sediment physical characteristics rather than to toxic chemicals. In contrast, Stns 1, 2 & 3 l . . . seem to have reached the polluted or grossly polluted state, where only a few resistant species are present' .
At the drilhng site, sediments had basically the same grain-size and organic carbon content (cf . Fig. 1A ); any differences between benthic communities at these stations could not have been attributed to these abiotic factors. Decreasing trends in species number, biomass and total abundance, particularly of deep burrowers, were noted within 1000 m of the platform and Stn A was clearly separated from all other stations based on cluster analysis, but there were no significant differences between stations . Rather, available evidence indicated that the fauna had recovered from what had previously been readily discernible discharge-related community-level changes (Daan et al. 1990 , de Jong et al. 1991 , Heip 1992 . Discharge ceased 3 yr previous to this workshop and subsequent storm action had covered the original sedi m e n t~ containing oil and other discharges with a layer of clean material at the time of sampling , Rumohr & Schomann 1992 .
Benthic infaunal communities along both transects showed no clear evidence of major pollution-related impacts such as was observed in the toxicity tests. Although benthic communities nearest to each of the 2 potential sources showed changes that could have been due to toxic contamination, the evidence for such changes did not derive from all methods of data analysis and interpretation. For instance, ABC curves indicated that all drilling site stations '... form part of an undisturbed community', while multivariate analyses indicated '... that there is still a gradient in the macrofauna community structure similar to the one found shortly after the discharge had taken place' . Thus, the benthic macrofauna results suggested changes close to sources but were far from definitive.
INTEGRATIVE ASSESSMENT
Integrative assessments, reviewed by Chapman et al. (1992a) , are defined as investigations involving attempts to integrate measures of environmental quality to make an overall assessment of the status of the system. Such assessments can involve 2 or more of the following components: sediment toxicity tests, sediment chemical analyses, tissue chemical analyses, pathological studies, and community structure studies. The present workshop included all 5 possible components, with particular emphasis on the Sediment Quality Triad (Chapman 1990 ).
Analyses of Triad data can involve con~parisons of RTR values, ranking, and multivariate analyses and, in particular, Mantel's test (Mantel 1967 , Legendre & Fortin 1989 . Full details of various methods of Triad data analyses are provided in Chapman (1992) . Complex methods of data analyses, derived primarily for situations where contamination and toxicity derive from a variety of sources, were not necessary in the present study where 2 transects were studied with clear point sources. Information provided by comparing sediment toxicity, chemistry and benthic infauna alteration, as discussed above, is summarised in Table 6 .
Pollution-induced degradation (defined as positive responses to all 3 Triad components resulting in a n adverse change to resident communities including bottom fish and benthic infauna) is only clearly demonstrated at the nearshore German Bight stations and was moderate rather than extreme. Low levels of pollution and degradation may also be occurring in the centre of the drilling site, but this is much less certain. All other drilling site stations and the outermost 6 German Bight stations show no evidence of pollution-induced degradation.
Studies on benthic fish for the 2 areas focused on dab Limanda limanda. Preneoplastic liver lesions and epidermal ulceration in dab were found, not only in nearshore fish but also, by some measures, offshore over the Dogger Bank. The frequency of abnormalities and malformations in fish embryos and larvae in the plankton was elevated in nearshore waters, then declined offshore but increased again over Dogger Bank (Bucke et al. 1992 , Cameron & Berg 1992 , Hardy & Cleary 1992 .
STATUS OF NORTH SEA SEDIMENTS
Previous studies of the effects of drilling platforms in the North Sea (Gray et al. 1990 ) have shown a gradient of potential effects (as determined solely based on benthic community structure). Similar gradients around drilling platforms occur in other parts of the world (e.g. the Gulf of Mexico; Chapman et al. 1991b ). The drilling site gradient only showed possible effects at the original source; previous studies (de Jong et al. 1991 along this gradient have shown contamination, toxicity and benthos alteration (a Triad indicating pollution-induced degradation) extending in 1988 for 500 to 750 m from the center of drilling. Drilling was exploratory and ceased in 1987. The German Bight gradient showed clear effects close inshore, but a similarly clear decrease offshore.
Sediment contamination and toxicity resulting in pollution can be due to both new and historical contamination. Historical contamination is subject, without new inputs, to natural capping with clean sediments due to storm action, as discussed previously. For instance, Mair et al. (1987) and d e Jong et al. (1991) have shown recovery of the macrobenthos in the North Sea following termination of drill-cuttings discharges. The speed and extent of recovery wiii depend on Lhe extent of effects, which is greatest the longer the source has been operating. In the case of oil platforms, the extent of effects can be up to 1000 m (Mair et al. 1987 , d e Jong et al. 1991 ).
The present study was not comprehensive in that not all areas of the North Sea were studied. However, it is the largest international exercise to date studying the North Sea and lends itself to certain testable hypotheses. Specifically, based on the results of this study it appears that:
(1) sediment pollution is not general in the North Sea area [offshore sedlments away from sources are not polluted nor degraded although major depositional areas such as the Norwegian Trench (Becker et al. 1992 ), which have not been fully investigated, could be polluted];
(2) sediment pollution is generally restricted to the vicinity of point source discharges, in the case of oil platforms on the order of hun.dreds of meters, and in the case of major nvers on the order of tens of kilometres;
(3) cessation of point-source discharges in offshore areas should result in decreased sediment pollution through natural capping (e.g. storm action: sedirnents are very mobile; Becker et al. 1992 , Rumohr & Schomann 1992 .
In addition, there are certain unresolved issues that require further, but focused study. Dogger Bank sediments are clearly not polluted, yet dab collected from the Dogger Bank appear to show evidence of stress (note that all workshop participants did not agree on this point). Although the Dogger Bank area comprises a coastal front and such fronts have been shown to accumulate contaminants (Tanabe et al. 1991) . there is no evidence of such accumulation in Dogger Bank sed i m e n t~, which are coarse-grained and hence not depositional. Clearly if this stress exists it cannot be due to sediment contamination. Water column tests conducted during this international study showed no evidence for widespread contamination and toxicity other than in the surface micro-layer (Hardy & Cleary 1992 , Thain 1992 . Dab eggs and embryos are found primarily near the surface of the water column (Cameron & Berg 1992 , Rijnsdorp et al. 1992 . Reports by Norberg (1990) and Preston & Merrett (1991) suggest that major air-borne contaminant inputs to the North Sea occur. Norberg (1990) suggests that some of the heaviest airborne contamination occurs at the Dogger Bank. Accordingly, the most likely potential sources of this stress, which merit further research if such stress is confirmed, are:
-surface micro-layer (aerial transport of toxicants resulting in contaminated, toxic waters into which buoyant dab eggs float and where exposure resulting in effects realized in older life-stages o c r~r s ) ;
-dab immigration from other areas closer to sources, such that the dab populations at Dogger Bank are not resident (cf. Rijnsdorp et al. 1992) .
One overall conclusion from this international workshop and the new information it has provided is that multi-disciplinary, integrative, broad-scale studies, although relatively expensive, are important because they:
(1) determine and prioritise problem areas; (2) provide managers, regulators and the public with the best possible information for decision-making and resource allocation.
Such integrative assessments, which include the Sediment Quality Triad, are recommended for existing and future marine pollution assessments.
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